The Robo-AO Kepler Planetary Candidate Survey is observing every Kepler planet candidate host star with laser adaptive optics imaging to search for blended nearby stars, which may be physically associated companions and/or responsible for transit false positives. In this paper we present the results from the 2012 observing season, searching for stars close to 715 Kepler planet candidate hosts. We find 53 companions, 43 of which are new discoveries. We detail the Robo-AO survey data reduction methods including a method of using the large ensemble of target observations as mutual point-spread-function references, along with a new automated companion-detection algorithm designed for large adaptive optics surveys. Our survey is sensitive to objects from ≈0. 15 to 2. 5 separation, with magnitude differences up to ∆m ≈ 6. We measure an overall nearby-star-probability for Kepler planet candidates of 7.4%±1.0%, and calculate the effects of each detected nearby star on the Kepler -measured planetary radius. We discuss several KOIs of particular interest, including KOI-191 and KOI-1151, which are both multi-planet systems with detected stellar companions whose unusual planetary system architecture might be best explained if they are "coincident multiple" systems, with several transiting planets shared between the two stars. Finally, we find 98%-confidence evidence that short-period giant planets are 2-3× more likely than longer period planets to be found in wide stellar binaries.
INTRODUCTION
The Kepler mission, which has searched approximately 190,000 stars for the tiny periodic dips in stellar brightness indicative of transiting planets, is unprecedented in both sensitivity and scale among transiting planet surveys . Never before has a survey been able to detect such small planets-down to even the size of the Earth's moon )-and never before has a survey delivered so many planet candidates, with over 3500 planet candidates (candidate Kepler Objects of Interest; KOIs) found in a search of the first twelve quarters of Kepler photometry Batalha et al. 2013; Tenenbaum et al. 2013) .
All exoplanet transit surveys require follow-up observations of the detected candidates. The purpose of this follow-up is twofold: first to confirm that the detected photometric dimmings are in fact truly transiting planets rather than astrophysical false positives; and second to characterize the host stellar system. High-angularresolution imaging is a crucial ingredient of the follow-up effort, as many astrophysical false positive scenarios involve nearby stellar systems whose light is blended with the target star (e.g. O'Donovan et al. 2006 ). Even if a transit candidate is a true planet, identifying whether it is in a binary stellar system has potentially important implications for determining the planet's detailed properties. For example, if there is considerable diluting flux from a companion star within the photometric aperture, even if the planet interpretation of the signal is secure, the planet will be larger than implied by the light curve alone under the assumption of a single host star (e.g. Johnson et al. 2011) . The presence or absence of third bodies in the systems can also have broader implications about the processes of planetary system formation and evolution; stellar binarity has been hypothesized to be important in shaping the architectures of planetary systems, both by regulating planet formation and by dynamically sculpting planets final orbits, such as forcing Kozai oscillations that cause planet migration (e.g. Fabrycky & Tremaine 2007; Katz et al. 2011; Naoz et al. 2012) or tilting the circumstellar disk (Batygin 2012) .
The vast majority of the individual Kepler candidates remain unconfirmed (<3% currently confirmed according to the NASA Exoplanet Archive [NEA] ). Current predictions based on models of the expected population of confusion sources suggest that at least 10-15% of Kepler 's planetary candidates may be astrophysical false positives and that a large fraction of confirmed planets also have incorrectly determined planetary parameters because of confusing sources Santerne et al. 2013 ). The possible false-positive scenario probabilities change with the brightness of the Kepler target, the details of its Kepler light curve, its spectral type, and the properties of the detected planetary system (e.g. Morton 2012 ). The false positives thus limit our ability to interpret individual objects, to evaluate differences in planetary statistics between different stellar populations, and to generate fully robust statistical studies of the planetary population seen by Kepler.
In order to fully validate the individual Kepler planets and search for correlations between planetary systems and stellar multiplicity properties, we need to search for companions around every Kepler Object of Interest. There have been several high-angular-resolution surveys of selected samples of KOIs to detect stellar companions and assess the false-positive probability (Adams et al. 2012; Lillo-Box et al. 2012; Horch et al. 2012; Adams et al. 2013; Marcy et al. 2014) . However, many of these surveys are performed with adaptive optics systems, and the overheads typically associated with ground-based adaptive optics imaging have limited the number of targets which can be observed.
In this paper we present the first results from a laseradaptive-optics survey that is taking short snapshot high-angular-resolution images of every Kepler planet candidate. The survey uses Robo-AO, the first robotic laser adaptive optics system . We designed the automated system for relatively high time-efficiency, allowing the Kepler target list to be completed in ∼36 hours of observing time.
This paper presents the 2012-observing-season results of the ongoing Robo-AO KOI survey, covering 715 targets and finding 53 companions 7 , 43 of them new discoveries.
The paper is organized as follows: in §2 we describe the Robo-AO system and the KOI survey target selection and observations. §3 describes the Robo-AO data reduction and companion-detection pipeline. In §4 we describe the survey's results, including the discovered companions. We discuss the results in §5, including detailing the effects of the survey's discoveries on the interpretation and veracity of the observed KOIs, and a brief discussion of the Kepler planet candidates' overall binarity statistics. We conclude in §6.
SURVEY TARGETS & OBSERVATIONS

Target selection
We selected targets from the Kepler Objects of Interest (KOIs) catalog based on a Q1-Q6 Kepler data search . Our initial targets were selected randomly from the Q1-Q6 KOIs, requiring only that the targets are brighter than m i = 16.0, a restriction which removed only 2% of the KOIs. While it is our intent to observe every KOI with Robo-AO, this initial target selection provides a wide coverage of the range of KOI properties. Given Robo-AO's low time overheads, we took the time to re-observe KOIs which already had detected companions, to produce a complete and homogenous survey.
In Figure 1 we compare the Robo-AO imaged KOIs to the distribution of all Batalha et al. (2013) KOIs in magnitude, planetary period, planetary radius and stellar temperature. The Robo-AO list closely follows the KOI list in the range of magnitude covered, with the exception of the three brightest stars (which have already Riddle et al. 2012 ) mounted on the robotic Palomar 60-inch telescope (Cenko et al. 2006) . The survey and system specifications are summarized in table 1.
Robo-AO observed the targets between June 17 2012 and October 6 2012, on 23 separate nights (detailed in the table in the appendix). We chose a standardized 90-second exposure time to provide a snapshot image which would contain all sources likely to affect the Kepler light curve, including close-in sources up to ∼5 magnitudes fainter than the Kepler target. For the observations described here we used either a Sloan i'-band filter (York et al. 2000) or a long-pass filter cutting on at 600nm (LP600 hereafter). The latter filter roughly matches the Kepler passband (Figure 2 ) at the redder wavelengths while suppressing the blue wavelengths which have reduced adaptive optics performance (except in the very best seeing conditions). Compared to near-infrared adaptive optics observations, this filter more closely approximates direct measurement of the effects of unresolved companions on the Kepler light curves.
Two dominant factors affect Robo-AO's imaging performance: the seeing and the brightness of the target. During the 23 nights of observing the median seeing was 1. 2, with minimum and maximum values of 0. 8 and 1. 9 respectively. We developed an automated routine to measure the actual imaging performance and to classify the targets into the imaging-performance classes given in the full observations list; this classification can be used with the contrast curve for each class to estimate the companion-detection performance for each target( §3.4).
DATA REDUCTION
To search the large dataset for companions we developed a fully-automated pipeline for data reduction, PSF subtraction, companion detection and companion measurements in Robo-AO data. The pipeline first takes the short-exposure data cubes recorded by the EMCCD camera and produces dark, flat-field and tip-tilt-corrected co- -The Kepler and Robo-AO passbands. The Robo-AO curves are generated from measured reflection and transmission data from all optical components with the exception of the primary and secondary of the 60-inch telescope which are assumed to be ideal bare aluminium. The Kepler curve is adapted from the Kepler Instrument Handbook.
added output images ( §3.1). We then subtract a locallyoptimized point-spread-function (PSF) estimate from the image of the Kepler target in each field ( §3.2), and either detect companions around the target stars or place limits on their existence ( §3.3). Finally, we measure the properties of the detected companions ( §3.5).
Imaging pipeline
The Robo-AO imaging pipeline Terziev et al. 2013 ) is based on the Lucky Imaging reduction system described in Law et al. (2006a Law et al. ( , 2009 . The recorded EMCCD-frames are dark-subtracted and flatfielded, and are then corrected for image motion using a bright star in the field. For the KOI observations the relatively crowded fields often led to the automatic selection of a different guide star from the KOI. To avoid having to account for the effects of tip/tilt anisoplanatasism, we manually checked the location of the KOI in Digital Sky Survey images and selected the KOI itself as the guide star in each observation. To produce more consistent and predictable imaging performance for groups of similar KOIs, we used the KOI even if a brighter guide star was nearby and offered potentially increased performance.
3.2. PSF subtraction using the large set of Robo-AO target observations The KOI target stars are all in similar parts of the sky, have similar brightness, and were observed at similar airmasses. Because it is unlikely that a companion would be found in the same position for two different targets, we can use each night's ensemble of (at least 20) KOI observations as PSF references without requiring separate observations.
We use a custom locally-optimized PSF subtraction routine based on the LOCI algorithm (Locally Optimized Combination of Images; (Lafrenière et al. 2007) . For each KOI target we select 20 other KOI observations obtained in the same filter and closest to the target observation in time. We divide the region around the target star into sections based on polar coordinates: 5 upsampled pixels (110 mas) in radius and 45 degrees in angle. Similar sections are extracted from each PSF reference image.
We then generate a locally-optimized estimate of the PSF in each section by generating linear combinations of the reference PSFs. In each section, an initial PSF is generated by averaging all the reference PSFs. We then use a downhill simplex algorithm to optimize the contribution from each PSF image, searching for the combination which provides the best fit to the target image. This optimization is done on several sections simultaneously (in a region 3 sections in radius and 2 sections in angle) to minimize the probability of the algorithm artificially subtracting out real companions. After optimization in the large region, only the central section is output to the final PSF. This provides smooth transitions between adjacent PSF sections because they share many of the image pixels used for the optimization.
This procedure is iterated across all the sections of the image, producing a PSF which is an optimal local combination of the reference PSFs and which can then be subtracted from the target star's PSF. The PSF subtraction typically leaves residuals that are consistent with photon noise only (for these relatively short exposures). Figure  3 shows an example of the PSF subtraction performance.
Automated Companion Detection
We limited the detection radius of this initial search to a 2. 5 radius from the target KOIs, covering the range of separations between seeing-limited surveys and ≈0. 15 (subsequent papers will present an analysis of widerradius companions in Robo-AO imaging).
To more easily and robustly find companions in this large dataset, we developed a new automated companion detection algorithm for Robo-AO data. We first measure the local image noise as a function of distance from the target star, by covering the PSF-subtracted target image with 4-pixel-diameter apertures and measuring the RMS of the pixel values in each aperture, along with the average PSF-subtraction residual signal. We then fit a quadratic to interpolate the changes in noise and residual values as a function of radius from the target star position. For each pixel in the PSF-subtracted image we then use the noise and residual fits to estimate the significance of that pixel's signal level. This procedure generates a significance image where bright pixels in regions of high photon noise (i.e. in the core of the star) are down-weighted compared to those in lower-noise areas.
The significance image yields the pixels which have some chance of denoting detections of stars, but does not take into account the shapes of the detections -a single bright pixel surrounded by insignificant pixels is more likely to be due to a cosmic ray hit than a stellar companion, and a tens-of-pixels-wide blob is likely due to imperfect PSF subtraction. We quantify this by cross-correlating the significance image by a Gaussian corresponding to the diffraction limit of the Robo-AO observation. We then select the pixels which show the most significant detections (> 5σ) as possible detections, and amalgamate groups of multiple significant pixels into single detections.
After automated companion detection we also manually checked each image for companions, to check the performance of the automated system and to search for faint but real companions which could have been fit and removed by spurious speckles in the PSF references. The automated system picked up every manually-flagged companion, and had a 3.5% false-positive rate from all the images, mainly due imperfect PSF subtraction.
Imaging Performance Metrics
We evaluated the contrast-vs.-radius detection performance of the PSF-subtraction and automated companion detection code by performing Monte-Carlo companiondetection simulations. The time-consuming simulations could only be performed on a group of representative targets, and so we established a quantitative image quality metric that allows each of our observations to be tied into the contrast curves for a particular test target. We first parametrized the performance of each observation of our dataset by fitting a two-component model to the PSF based on two Moffat functions tuned to separately measure the widths of the core and halo of the PSF. We then picked 12 single-star observations to represent the variety of PSF parameter space in our dataset. For each test star, we added a simulated companion into the observation at a random separation, position angle and contrast, ran the PSF subtraction and automated companion detection routines, and measured the detection significance (if any) of the simulated companion. We repeated this for 1000 simulated companions 8 . We then binned the simulated detections as a function of separation from the target star, and in each radial bin fit a linear significance-vs.-contrast relation. We use the intersection of the fitted relation with a 5-σ detection to provide the minimum-detectable contrast in each radial bin.
We found that the PSF core size was an excellent predictor of contrast performance, while the halo size did not affect the contrast significantly. The halo is effectively removed by the PSF subtraction, and the contrast is thus chiefly limited by the companion SNR, which scales with the achieved PSF core size (rather than the image FWHM, which we found is a weak predictor of contrast performance in Robo-AO data). On this basis we use the PSF core size to assign targets to contrastperformance groups (low, medium and high). As the imaging performance degrades, we found that the relative contribution of the fitted core PSF decreases, while the core itself shrinks. The somewhat counter-intuitive size decrease is because poor imaging quality inevitably corresponds with poor SNR on the shift-and-add image alignment used by Robo-AO's EMCCD detector. This leads to the frame alignments locking onto photon noise spikes, and thus produces a single-pixel-sized spike in the images (Law et al. 2006a (Law et al. , 2009 ). We therefore assign images with a diffraction-limited-sizes core (∼0. 15) to the high-performance groups; smaller cores, where the imaging performance is degraded, were assigned to the lower-performance groups. Figure 4 shows the contrast curves resulting from this procedure, for clarity smoothed with fitting functions of form a − b/(r − c) (where r is the radius from the target star and a,b,c are fitting variables). The i-band observations obtain better contrast close-in than the LP600 filter, because of their improved Strehl ratios, while the broader LP600 filter allows somewhat improved contrast at wider radii under all but the poorest conditions.
Companion characterization
Contrast ratios
We determined the binaries' contrast ratio in two ways: for the widest separations we performed aperture photometry on the original images; for the closer systems we used the estimated PSF to remove the blended contributions of each of the stars before performing aperture photometry. In all cases the aperture sizes were optimized for the system separation and the available signal.
The locally-optimized PSF subtraction will attempt to remove flux associated with companions by using other PSFs with (non-astrophysical) excess brightness in those areas, because it is trying to achieve the best fit to the target images without discrimination between real companions and speckles. By selecting an optimization over a region containing many PSF core sizes, we reduce the algorithm's ability to subtract away companion light for detection purposes. However, the companion will still be artificially faint in PSF-subtracted images, leading to errors in flux ratio measurements. To avoid this we re-run the PSF fit excluding a 6-pixel-diameter region around any detected companion. The PSF-fit regions are large enough to provide a good estimate for the PSF underneath the companion, and the companion brightness is not artificially reduced by this procedure.
We calculated the contrast ratio uncertainty on the basis of the difference between the injected and measured contrasts of the fake companions injected during the contrast-curve calculations ( §3.3). We found that the detection significance of the companion was the best predictor of the contrast ratio accuracy, and so we use a fit to that relation to estimate the contrast ratio uncertainty for each companion. We note that the uncertainties (5-30%) are much higher than would be naively expected from the SNR of the companion detection, as they include an estimate of the systematic errors resulting from the AO imaging, PSF-subtraction and contrastmeasurement processes.
Separations and position angles
To obtain the separation and position angle of the binaries we centroided the PSF-subtracted images of the companion and primary, as above. We converted the raw pixel positions to on-sky separations and position angles using a distortion solution produced from Robo-AO measurements of globular clusters observed during the same timeframe as the Robo-AO KOI survey 9 . We calculated the uncertainties of the companion separation and position angles using estimated systematic errors in the position measurements due to blending between components, depending on the separation of the companion (typically 1-2 pixels uncertainty in the position of each star). We also included an estimate of the maximal changes in the Robo-AO orientation throughout the observation period (±1.5
• ), as verified using the globular cluster measurements above. Finally, we verified the measured positions and contrast ratios in direct measurement from non-PSF-subtracted images.
DISCOVERIES
We resolved 53 Kepler planet candidate hosts into multiple stars; the discovery images are summarized in Figure 5 and the separations and contrast ratios are shown in figure 6. §5 addresses the probability of physical association for these objects. The measured companion properties for the targets with secure detections are detailed in Table 2. Table 3 describes 15 probable companions which fell just below our formal 5-σ detection criteria. We consider these very likely to be real (indeed, three have been previously detected by other groups), but in the present data we cannot exclude the possibility that one or two of these detections are spurious speckles.
Two of the targets showed potential companions that were not well-resolved by Robo-AO but were suggestive of interesting companions. KOI-1962 showed PSF-coreelongation indicative of a <0. 15-separation nearly-equalmagnitude binary. KOI-1964 has a probable faint companion at a separation of 0. 4; dynamic speckle noise reduces the detection significance to ≈ 3σ. We confirmed the Robo-AO detections with NIRC2-NGS (Wizinowich et al. 2000) on Keck II on 23 July 2013 (Figure 7 ). -The separations and magnitude differences of the detected companions compared to the survey's typical highperformance 5σ contrast curve (one very faint companion was detected around a bright KOI in exceptional conditions). The distribution of companion properties has no evidence for unaccounted incompleteness effects, although there is an excess of bright companions at close separations, suggesting that those companions are more likely to be physically associated. for which they discovered companions within a 2. 5 radius are also in our survey. Both surveys detect KOI-401 at a separation of 2. 0 and at a contrast of 2.6 magnitudes (L12 i-band) or 2.9 magnitudes (Robo-AO LP600). The companions to KOI-628 were visible in our survey but at contrasts that placed them in the "likely detections" group. L12 detected a companion to KOI-658 at 1. 9 radius and a contrast of 4.6 magnitudes in i-band. At that radius, for the performance achieved on KOI-658, the Robo-AO snapshot-survey limiting magnitude ratio is ∼4.0 magnitudes and so we do not re-detect that companion. For the same reason we also do not re-detect the companions to KOI-703 (6.4 magnitudes contrast), KOI-704 (5.0 magnitudes contrast) and KOI-721 (3.9 magnitudes contrast). The 0. 13-radius companion to KOI-1537 detected in Adams et al. (2013) is at too close a separation to be detectable in our survey. The L12 companion to KOI-1375 is visible in our dataset, but has a contrast ratio of 4.0 magnitudes, under our formal detection limit and well below the 2.75 magnitude i-band contrast measured by L12. The target is not strongly coloured according to L12 and it is not obvious why the companion is so much fainter in our survey.
DISCUSSION
Implications for Kepler Planet Candidates
The detection of a previously unknown star within the photometric aperture of a KOI host star will affect the derived radius of any planet candidate around that host star, because the Kepler observed transit depth is shallower than the true depth due to dilution. The degree of this effect depends upon the relative brightness of the target and secondary star, and which star is actually being transited. In particular, if there is more than one star in the photometric aperture and the transiting object is around a star that contributes a fraction F i to the total light in the aperture, then
where δ true is the true intrinsic fractional transit depth and δ obs is the observed, diluted depth. Since δ ∝ (R p /R ) 2 , the true planet radius in the case where the transit is around star i is
where R ,i is the radius of star i, and the 0 subscript represents the radius ratio implied by the diluted transit, or what would be inferred by ignoring the presence of any blending flux. Thus, for each planet candidate in KOI systems observed to have close stellar companions, the derived planet radius must be corrected-and there are two potential scenarios for each candidate: the eclipsed star is either star A (the brighter target star) or star B (the fainter companion).
In case A, the corrected planet radius is
and in case B,
Case A is straightforward, with nothing needed except the observed contrast ratio (in order to calculate F A ). It should be noted, however, that this assumes that the estimated host stellar radius R A is unchanged by the detection of the companion star. As the radii for most Kepler stars are inferred photometrically, this may not be strictly true, as light from the companion might cause the primary stellar type to be misidentified. We do not attempt to quantify the extent of this effect in this paper. We do, however, note that it is likely to be negligible for larger contrast ratios where the colors of the blended system are dominated by light from the primary. Case B, in addition to needing F B , needs also the ratio R B /R A . If the observed companion is an unassociated background star, then the single-band Robo-AO observation does not constrain R B . However, under the assumption that the companion is physically bound, then we can estimate its size and spectral type, given assumed knowledge about the primary star A.
In order to accomplish this, we use the Dartmouth stellar models (Dotter et al. 2008 ) and the measured primary KOI star properties listed in the NASA Exoplanet Archive. For the mass and age of the primary, we use the Dartmouth isochrones to find an absolute magnitude in the observed band (approximating the LP600 bandpass as Kepler band), then we inspect the isochrone to find the mass of a star that is the appropriate amount fainter (according to the observed contrast ratio), and assign the stellar radius R B accordingly. Table 4 summarizes how the planet radii change under both case A and B for each KOI in all the systems in which we detect companions. We also list an additional case B bg for the situation in which the eclipsed star is not physically bound-since we do not have a constraint on R B in this situation, we simply list the planet radii for the case of R B = 1R , which allows for simple scaling.
Interestingly, under case B where the transit is assumed to be around a bound companion, in many cases the implied planet radius is not indicative of a false positive. This is because in order to get a large radius correction there must be a large contrast ratio, which then (in the physically associated scenario) implies that the secondary is a small star, which shrinks the radius correction factor. In fact, the only candidates which attain clearly non-planetary radii under case B are those which already have radii comparable to or larger than Jupiter to begin with. On the other hand, case B bg often suggests a non-planetary radius, as the stellar radius in this case is not bound to shrink as the contrast ratio grows.
We leave a quantitative analysis exploring the relative probability of scenario B being a physically bound or chance-aligned companion to future work. However, we note qualitatively that relatively bright, small-separation companions are more likely to be physically associated, whereas more distant and higher contrast-ratio companions are more likely to be foreground/background objects.
Particularly interesting systems
There are several KOIs with detected companions which we note as being of particular interest, some of which might represent rare false-positive scenarios. Future work will quantitatively assess the true nature of these particular KOIs (e.g. the probability that any given KOI is a false positive).
KOI-191: A probable "coincident multiple"
KOI-191 was identified by Batalha et al. (2013) to have four planet candidates, with periods of approximately 0.7, 2.4, 15.4, and 38.7 days. The 15.4d candidate has an estimated radius of 11 R ⊕ , whereas all the rest are smaller than 1.5 R ⊕ . This system is notable because in the entire current cumulative KOI catalog, there are only four multi-candidate systems that have a planet candidate (either "CANDIDATE" or "NOT DISPOSI-TIONED" in the NEA) with 10R ⊕ < R < 20R ⊕ and P < 20d. Two of these four are marked as 2-planet systems but the second candidate in each is identified as a FP in the Q1-Q12 activity table, making them effectively single-candidate systems. The host star of KOI-338 has R = 19.2M , and its two candidates have radii of 17 and 37 R ⊕ , making that system most likely a stellar multiple system. This leaves KOI-191 as the only multiple-candidate Kepler system including a Jupiter-like candidate with P < 20d. By contrast, there are 62 single candidates that match these same radius and period cuts (64 including KOI-199 and KOI-3627).
Based on the apparent rarity of planetary systems with this architecture and the fact that we detect a stellar companion to the KOI-191 host star, we conclude that this is a likely "coincident multiple" system, with .01 around one of the stars, and the other three around the other. There are three possibilities: 1) Since the companion star (1. 69 separation) is 3.1 mag fainter, if it is the host of KOI-191.01, then it is most likely a stellar eclipsing binary; 2) if the primary star hosts .01, then the secondary likely hosts the three-candidate system, in which case .02-.04 are more likely all superEarth/Neptune-sized; 3) it may be the case that all four planets are indeed around the same star, which would make KOI-191 a planetary system of unusual architecture, inviting further study.
KOI-268: Habitable Zone Candidate?
KOI-268 hosts a planet candidate in a 110-d orbit. The candidate has a radius of 1.7 R ⊕ and an equilibrium temperature of 295 K, according to the NEA. However, Robo-AO detects a stellar companion 3.8 mag fainter at a separation of 1. 81. We also note the presence of a possible fainter companion at a 2.45" separation, a position angle of 306
• and a contrast ratio of ≈5.5 magnitudes. The equilibrium temperature calculation of the candidate is based on the estimated effective temperature of the host star and the planet is therefore unlikely to be in the habitable zone if it is around one of the companions.
KOI-628: possible triple-system
KOI-628 has a previously-detected faint companion at a separation of 1. 83 Lillo-Box et al. 2012) . We also re-detect a further possible companion just beyond our detection-target radius, at 2.55 separation.
KOI-1151: Another possible coincident multiple
KOI-1151, discovered by this survey to have a companion with ∆i ≈ 3.5 at a separation of 0. 75, is another system with unusual architecture that might be best explained if the candidates were shared between the two stars. This system has 5 detected planet candidates, with periods of 5. 25, 7.41, 10.44, 17.45, and 21.72 days. 10 What makes this system appear unusual is the presence of the 7.41d candidate in between the 5.25d and 10.44d candidates, which have nearly exact 2:1 commensurability. Of the 22 multi-KOI systems that have a pair of planets within 2% of exact 2:1 commensurability, only KOI-1151 and KOI-2038 have another candidate between the pair (the inner two planets in this system have been confirmed via transit timing variations by Ming et al. 2013) . Migration can tend to deposit planets in or near resonant configurations, but it appears to be unusual for a planet to be stuck between two other planets that are near a strong resonance-perhaps this is an indication that the KOI-1151 system is not a single planetary system at all, but rather two separate systems. Another plausible configuration is that KOIs 1151.02 (the interloper at 7.41d) and 1151.05 (the 21.72d candidate) are (Dotter et al. 2008) . c Eclipsing object radius in the scenario where the companion star is the eclipsed object and is physically bound to the target star, assuming the stellar radius of star B as estimated in this table.
d Eclipsing object radius in the scenario where the companion star is the eclipsed object and is a chance-aligned background star with radius 1 R . We note that a background or foreground object is perhaps unlikely to be Solar-type, but this quantification allows for simple scaling of the implied eclipsing object radius.
separated from the other three as those two are near 3:1 commensurability.
KOI-1442: Largest contrast-ratio companion
We detect a likely companion to KOI-1442 (Kepler magnitude of 12.52) at a separation of 2. 24 and a contrast ratio of ∼6.7 magnitudes. Because of the relatively large separation and large contrast ratio, this detection is more likely to be a background object rather than a physically bound companion. KOI-1442.01 is a planet candidate with a period of 0.67d and a radius of 1.2 R ⊕ ; however, if the fainter companion star is the source of the transit, the radius of the eclipsing object would be significantly larger-∼20× larger if the companion has the same radius as KOI-1442. Especially since there are hints that very short-period systems may be more likely to be blended binaries (Colón et al. 2012) , there might be concern that this candidate is a background eclipsing binary false positive. However, against this hypothesis stands the centroid offset analysis of Bryson et al. (2013) as presented on the NEA, which suggests that the source of the transit could be at most maybe 0. 5 away from the target position. Therefore, while this system is notable due to the faintness of its detected companion, the companion is unlikely to be the source of a false positive due to its large separation.
5.2.6. KOI-1845: One likely false positive in a two-candidate system KOI-1845 hosts two planetary candidates: .01 is a 1.5 R ⊕ candidate in a 1.97-d orbit, and .02 is a 21 R ⊕ candidate in a 5.06-d orbit. Without any AO observations this system would be suspicious because close-in giant planets are very unlikely to have other planets nearby (see §5.2.1); in addition, candidate .02 has a very large Kepler -estimated radius and appears to have a significantly V-shaped transit. In this survey we detect a companion 5.0 mag fainter at a separation of 2. 06, and suggest that the most likely explanation for KOI-1845.02 is that this companion is a background eclipsing binary.
Systems with secure small planets
There are five systems that host planet candidates with R p < 2R ⊕ in which we have detected stellar companions but whose interpretation as small planets (<2R ⊕ ) is nonetheless secure, as long as the companions are physically bound. This happens when the candidates are small and the companion is of comparable brightness such that the potential effect of dilution is minimized, even if the eclipse is around the fainter star. The specifics of these systems can be seen in Table 4 but we call attention to them here: KOI-1613 , KOI-1619 , KOI-2059 , KOI-2463 , and KOI-2657 
Stellar Multiplicity and Kepler Planet Candidates
Our detection of 53 planetary candidates with nearby stars, from 715 targets, implies an overall nearby-star probability of 7.4%±1.0%, within the detectable separation range of our survey (0. 15 to 2.5. , ∆m ∼ < 6). In this section we go on to search for broad-scale correlations between stellar multiplicity and planetary candidate properties. The companions we detect may not be physically bound, nor are we sensitive to binaries in all possible orbital locations around these KOIs. This multiplicity rate, therefore, should not be expected give a full description of the physical stellar multiplicity of Kepler planet candidates; however, we can use the current survey results to compare the multiplicity rates of different populations of planet candidates. Future papers from the ongoing Robo-AO survey will investigate the multiplicity properties of Kepler candidates in more detail, including quantifying the effects of association probability and incompleteness.
The above nearby-star probability calculation and the following sections use the binomial distribution to calculate the uncertainty ranges in the multiplicity fractions (e.g. Burgasser et al. 2003) and Fisher exact tests (e.g. Feigelson & Jogesh Babu 2012) to evaluate the significance of differences in multiplicity between different populations.
5.3.1. Stellar multiplicity rates vs. host-star temperature Figure 8 shows the fraction of multiple stellar systems around Kepler -detected planetary systems as a function of stellar temperature from the Kepler Input Catalog . The hottest stars appear to have an increased stellar multiplicity fraction, but there is a 16% probability this is due to chance. We thus do not detect any significant change in the stellar multiplicity fraction with KOI temperature, although the initial survey presented here does not yet cover the entire Kepler sample of non-solar-type stars. -1σ uncertainty regions for binarity fraction as a function of KOI period for two different planetary populations (we split "small" from "giant" at Neptune's radius (3.9 R ⊕ ), but the exact value of the split does not significantly affect the uncertainty region shape). The gas giants cut off for shorter periods because of insufficient targets for acceptable statistics .
It is expected that multiple-planet systems detected by Kepler are less likely to be false positives than single-planet systems because there are far fewer falsepositive scenarios which can lead to multiple-period falsepositives. In Figure 9 we show the stellar multiplicity rates for single and multiple planet detections. There is a difference in stellar multiplicity between the single and multiple planet detections, but a Fisher exact test shows a 13% probability of this being a chance difference due to small-number statistics. At least in the current dataset we cannot distinguish stellar multiplicity between single and multiple planet systems.
Stellar multiplicity and close-in planets
Stellar binarity has been hypothesized to be important in shaping the architectures of planetary systems, both by regulating planet formation and by dynamically sculpting planets final orbits, such as forcing Kozai oscillations that cause planet migration (Fabrycky & Tremaine 2007; Katz et al. 2011; Naoz et al. 2012) or by tilting the circumstellar disk (Batygin 2012) . If planetary migration is induced by a third body, one would expect to find a correlation between the presence of a detected third body and the presence of short-period planets. Figure 10 shows the fraction of Kepler planet candidates with nearby stars as a function of the period of the closest-in planet, grouping the planets into two different size ranges. From these raw binarity fractions, where we have not accounted for the probability of physical association, it appears that while small planets do not show a significant change in third-body probability with the orbital period of the Kepler candidate, giant planets show a significant increase at periods less than ∼15 days. Binning all our targets into only four population groups allows us to search for smaller changes in the binarity statistics ( Figure 11 ). We arbitrarily split "small" planets from "giant" planets at Neptune's radius (3.9 R ⊕ ), but the exact value of the split does not significantly affect the results; only two of the detected systems have planetary radii within 20% of the cutoff value. We see that small planets at short periods share the same binarity fraction as all sizes of planets with >15d periods (within statistical errors). However, the short period giant planets again show a significantly increased binarity -Fraction of KOIs with nearby stars for four different planetary populations. Giant here is shorthand for a radius equal to or larger than that of Neptune. We assign KOIs to these populations if any planet in the system meets the requirements; a small number of multiple-planet systems are therefore assigned to multiple populations. fraction. A Fisher exact test rejects the hypothesis that the two planetary populations have the same binarity fraction, at the 95% level.
We can attempt to remove the background asterisms by selecting on the basis of magnitude ratio, as faint background stars are more likely to be chance alignments than roughly-equal-brightness companions. Our survey displayed an excess of close-separation bright companions: there are 13 companions with ∆m < 2 with separations <1.5 , and only one at larger radii (Figure 6 ), while the numbers of fainter companions do not show such a bias. We suggest that this excess reveals a brightcompanion population which is more likely to be physically associated than an average companion in the survey.
Selecting the companions with ∆m < 2 and separation <1. 5 leads an increased difference in stellar multiplicity between the planetary populations (Figure 12 ), increasing the significance to 98%. This approach does not fully account for the probability of each companion being physically associated, and so its results should be interpreted with caution. For example, close-in companions are less likely to be rejected by the Kepler centroidbased false-positive tests, but it is not obvious why this rejection would be different for planetary systems with short-period (<15d) and longer-period KOIs (with a median period of 54d for the KOIs we surveyed). In fact, the shorter-period systems have more eclipse events in the Kepler dataset and it should therefore be easier to detect a small centroid shift from close-in companions.
On the basis of our current analysis, we suggest that the difference of multiplicity rates between the planetary populations may be tentative evidence for third bodies in stellar systems producing an excess of close-in giant planets. We expect the full Robo-AO surveys to be able to evaluate this possibility at more than the 3σ confidence level.
CONCLUSIONS
We observed 715 Kepler planetary system candidates with the Robo-AO robotic laser adaptive optics system. Our detection of 53 planetary candidates with nearby stars from 715 targets implies an overall nearby-star probability of 7.4%±1.0% at separations between 0. 1 and 2. 5 and ∆m ∼ < 6. We have detailed the effects of the figure 11 with only companions with ∆m < 2 and separations <1. 5, removing faint nearby stars which are less likely to be physically associated (we did not detect any bright companions around the 84 longer-period giant planet KOIs in our survey, so we only show an upper limit). There is a 98%-confidence detection of a difference in stellar multiplicity rates for close-in giant planets compared to further-out giants.
detected nearby stars on the interpretation of the Kepler planetary candidates, including the detection of probable "co-incident" multiples (KOI-191 and KOI-1151), multiple-planet systems likely containing false positives (KOI-1845), and the confirmation of five KOIs as roughly Earth-radius planets in multiple stellar systems ( KOI-1613 , KOI-1619 , KOI-2059 , KOI-2463 , and KOI 2657 . We have also found tentative, 98%-confidence, evidence for stellar third bodies leading to a 2-3× increased rate of close-in giant planets.
We expect the ongoing Robo-AO surveys to complete observations of every Kepler planet candidate by the end of 2014. The increased survey numbers will allow us to search for stellar multiplicity correlations only in multiple-detected-planet systems, which are expected to have a much lower false-positive probability, and thus will improve our ability to disentangle false-positives from astrophysical effects. The number of multiple systems in our current sample is not large enough to verify our tentative conclusions on the effects of stellar multiplicity on short-period giant planets (in particular, we have only covered one multiple-planet system with a short-period giant planet), but we plan to investigate these possibilities in future data releases. We are also continuing observations of our detected companions to search for common-proper-motion pairs. The completed Robo-AO survey will also allow us to confirm many more Kepler planet candidates and likely find more exotic planetary systems. 
